High air temperatures have detrimental effects on rice (Oryza sativa L.) grain filling processes, especially the accumulation of storage materials such as starch and protein, causing loss of yield (Peng et al. 2004) . A shortage of starch deposition results in loosely packed starch granules, creating air spaces that reflect light (Tashiro and Wardlaw 1991, Zakaria et al. 2002) , thus rendering grains chalky under high temperature ripening. Chalky grains, which are categorized as white-back, white-belly, basal-white, white-core, and milky-white kernels based on the part where the chalkiness occurs, are inferior in eating and polishing quality, and reducing their occurrence is currently the main goal in rice breeding as air temperatures have recently increased.
To elucidate the molecular mechanism responsible for grain chalkiness, we previously conducted transcriptome analysis and identified high temperature-responsive genes. Among them, the expression of genes for the synthesis of starch and storage proteins was decreased by high temperature (down-regulated), while that of genes for starch consumption and heat stress response was increased (upregulated) (Yamakawa et al. 2007) . Such alterations in the expression of genes related to the metabolism of starch are well consistent with a shortage of the storage material.
Alternatively, quantitative trait locus (QTL) mapping is a powerful method of identifying candidates for the genes governing the degree of grain chalkiness. Several researchers have identified QTLs controlling grain appearance quality. Tabata et al. (2007) and Kobayashi et al. (2007) detected QTLs for white-back and basal-white kernels under high temperature ripening using populations derived from crosses between two japonica varieties. Meanwhile, He et al. (1999) and Wan et al. (2005) mapped QTLs for chalky grains with those from japonica and indica crosses under ambient temperature conditions. Additionally, an interspecific backcross population derived from O. sativa and African rice (O. glaberrima Steud.) was also used to identify QTLs for grain chalkiness (Li et al. 2004) .
The object of this study is to compare the chromosomal location of high temperature-responsive genes identified by our previous transcriptome analysis and those of grain chalkiness QTLs identified in previous mapping studies and to discuss their consistency. Table 1 and Fig. 1 show the chromosomal location of grain filling-related genes, such as those involved in starch/ carbohydrate metabolism and storage protein synthesis, according to a public genome database (Gramene; http:// www.gramene.org/). Among them, high temperatureresponsive genes whose expression is down-regulated or upregulated (Yamakawa et al. 2007 ) are shown in red and blue, respectively. Our previous gene expression study showed that high temperature changed the expression level within 0.8-to 1.2-fold for most genes (Yamakawa et al. 2007 ). Additionally, in the case of BEIIb (amylose-extender) mutation, a 0.5-to 0.7-fold decrease in the expression has been shown enough to make the grain appearance chalky (Tanaka et al. 2004) . Therefore, genes whose expression level decreased less than 0.7-fold and increased more than 1.4-fold in response to high temperature were categorized as downregulated and up-regulated genes in the present analysis, respectively. High temperature-responsive genes are distributed in every chromosome except for chromosome 10 (Fig. 1) . The map locations of QTLs for grain chalkiness cited from the literature were also determined or verified by searching the Gramene website ( Table 2 ). The reported QTLs were also distributed to 11 chromosomes with several clusters but not to chromosome 11 ( Fig. 1) .
We extracted the intimately localized pairs of grain filling-related genes and grain chalkiness QTLs. Based on the responsibility of the gene expression to high temperature and the condition where the QTLs were detected, the combinations were categorized into four groups: 1) high temperature-responsive genes and QTLs detected under high temperatures, 2) high temperature-responsive genes and QTLs detected under ambient temperatures, 3) non-responsive genes and QTLs detected under high temperatures and 4) non-responsive genes and QTLs detected under ambient For the combination of high temperature-responsive genes and QTLs identified under high temperatures (group 1), GBSSI-qWBHT6 (indicating gene-QTL combination) and SuSy2-qGH6 were identified. This combination suggests the existence of genes with alleles showing different sensitivity to high temperature stress. Two QTLs, tentatively named qWBHT6 and qWC6, were co-mapped to the GBSSI (waxy) locus on chromosome 6, and three additional QTLs, qCH6, qWB6, and qGH6, were reported in the vicinity of the locus. A GBSSI mutation is known to result in a waxy endosperm with a chalky appearance. The previous gene expression study with a japonica cultivar, Nipponbare, showed reduced expression of the GBSSI gene and reduced amylose content at high temperature (Yamakawa et al. 2007 ). The transcription and protein amount of GBSSI are sensitive to high temperature for the japonica allele, Wx-b, but not for the indica allele, Wx-a Sano 1998, Hirano and Sano 2000) . Additionally, the chalky appearance was partially alleviated by introducing the allele from an elite indica cultivar (Zhou et al. 2003) . Therefore, GBSSI might be a candidate gene for a locus governing chalky appearance under high temperature. However, we cannot exclude the possible involvement of other starch synthesis-related genes closely linked to GBSSI (SSI, SuSy2, and SSIIa) for three nearby QTLs, qCH6, qWB6 and qGH6.
On chromosome 1, two and three QTLs were close together on the short and long arm, respectively. Of these five QTLs, qWK1-1, qWK1-2, and qWBHT1 were detected under high temperature; however, no high temperatureresponsive genes could be identified near these clusters in our transcriptome study.
For the combination of high temperature-responsive genes and QTLs identified under ambient temperatures b Gene expression data obtained by reverse transcription (RT)-PCR, microarray, or dot-blot analyses were retrieved from a previous study (Yamakawa et al. 2007 ). Type of analysis is shown as RP (RT-PCR), MA (microarray), or DB (dot-blot). Data retrieval was conducted using the following criteria: If RT-PCR analysis data were available in the literature, they were adopted, since they represent cumulative expression levels throughout grain filling stages. If microarray and dot-blot analysis data, in which the expression levels 10 days after flowering were compared, were available but not RT-PCR data, microarray data were used because of their accuracy. (group 2), pairs of BT1-2-qBW2, BEIIb-qIK2, Pro7-qAPG5-1 and qWC5, PPDKB-qAPG5-2, Amy3E and Amy3D-qPGWC-8, AGPS1-qPGWC-9 and GSTZ2-wc12.1 were identified. Since the grain chalkiness phenotype generally appears more frequently under high temperature, QTLs detected under ambient temperature potentially manifest chalky grains also under high temperature conditions. In this case, the nearby, high temperature-responsive gene might be a candidate for the QTL. On chromosome 8, two high temperature-responsive α-amylase genes, Amy3D and Amy3E, were located in the region corresponding to qPGWC-8 identified in two independent japonica/indica crosses ( Table 2) . Since the overexpression of Amy3D in transgenic rice has rendered grains chalky (Asatsuma et al. 2006) , the indica alleles from Zhai Ye Qing 8 and IR24 in the two crosses might result in stronger expression and/or activity of the product, thus making the endosperm chalky.
On chromosome 2, qIK2 and BEIIb were close together. BEIIb encoding a starch-branching enzyme is a causative gene in the amylose-extender mutant whose grain has a chalky appearance (Nishi et al. 2001) , and the degree of chalkiness has been shown to be negatively correlated to the expression level of the gene by transgenic complementation analysis; grain chalkiness occurred prominently when BEIIb expression was below a certain level (Tanaka et al. 2004 ). Since Terao et al. (2004) identified that the allele from an indica cultivar, Habataki, increased the amount of the immature kernel, the expression level of BEIIb might be reduced in the Habataki cultivar, making the endosperm chalky. Ebitani et al. (2006) detected two QTLs, qAPG5-1 and qAPG5-2, on chromosome 5 located close to two high temperature-repressed genes encoding prolamin 7 and pyruvate orthophosphate dikinase (PPDKB), respectively. PPDKB is a causative gene in the floury endosperm-4 (flo4) mutant, whose grain has a chalky endosperm (Kang et al. 2005) . Since the qAPG5-2 allele from Kasalath increased the amount of chalky grain (Ebitani et al. 2006) , PPDKB is a possible candidate gene for grain chalkiness in the cultivar, whose expression was impaired under high temperature (Yamakawa et al. 2007) .
Similarly, qBW2 on chromosome 2, qPGWC-9 on chromosome 9, and wc12.1 on chromosome 12 were located in the vicinity of high temperature-repressed genes, BT1-2 (ADP-Glc translocator), AGPS1 (ADP-Glc pyrophosphorylase), and GSTZ2 (glutathione S-transferase), respectively. Furthermore, the clusters of QTLs detected under ambient temperatures were observed for the long arm of chromosome 3 (qSWC-3 and wca3.1) and the short arm of chromosome 12 (qBW12 and qPGWC-12). However, no high temperature-responsive genes could be identified near these clusters in our transcriptome study.
Finally, several combinations of non-responsive genes and QTLs detected under ambient temperatures (group 4), such as Susy1-qWB3 and Susy3-qWBe7, were identified (Table 1) . However, they might not be related to high temperature-induced grain chalkiness because of no responsibility to high temperature.
In conclusion, transcriptome/QTL comparison analysis revealed that several high temperature-responsive genes related to starch metabolism and storage protein synthesis are located in the vicinity of QTLs involved in determining grain chalkiness. Since the fine mapping of QTLs requires significant time and labor to narrow them down to the 'gene' level, the results obtained from a comparison of gene expression information from transcriptome analyses and phenotypic information from QTL mapping offer an efficient way to list candidate genes governing grain appearance quality under high temperature. The co-localization of the abovedescribed starch-metabolizing genes and QTLs for grain chalkiness raises the possibility that the gene expression level and/or the activity of the product differ between two parental cultivars, causing a difference in the responsibility to high temperature for grain chalkiness. However, grain filling is also affected by many factors other than starch metabolism in caryopsis, such as photosynthesis ability in source leaves and the efficiency with which assimilates are translocated to the sink organ. Further evaluation of grain appearance using a near isogenic line selected with DNA markers tightly linked to the gene of interest or a transgenic line overexpressing the gene is required to elucidate whether the gene is involved in the occurrence of grain chalkiness, if the candidate gene resides within the region delimited by markers for a given QTL. Thus, the present study is only a starting point for the cloning and characterization of QTLs that underlie grain chalkiness under high temperature. The association of these high temperature-responsive genes with QTLs may be helpful for identifying candidate genes.
